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The structure and conductive behaviour of graphene was studied under
breaking. We were able to break and reconnect graphene using the mechan-
ical break junction and observed a change in conductive behaviour from
ohmic to non-linear; a possible explanation for the effect was offered. SEM,
AFM and Raman spectroscopy determined that no large structural damage
was caused by the breaking, nor was a decrease in graphene quality towards
the break edge observed up until 1 micron near the edge; graphene was es-
tablished to be present to within at least 100 nm of the edge. Furthermore, a
modified mechanical break junction design for a graphene nanojunction was
tested and deemed complicated: it was advised to loosen the requirements
for future experiments. Lastly, an approach to electrochemically etching
a graphene nanojunction was tested and approached theoretically; it was
deemed not feasible using current graphene transfer techniques.
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1Introduction
REcently promising, but tentative results have been made in the areaof amino acid and peptide recognition by means of tunneling cur-rent measurement across a nanojunction combined with a nano-pore
([1–4]). A large factor in the success of these identification methods are the
electrodes of the junction itself, which have a big influence on the noise level
of the signal: due to strong coupling between the leads and the molecule,
different configuration and orientation of the molecule to the leads will
influence its conductance, thus causing broadening of the molecule’s con-
ductance peak, making it difficult to discern one molecule from the other.
Simultaneous progress in fabricating graphene nanojunctions has made
them an interesting option for the nanojunction, as graphene is atomically
thin and has unique electronic properties ([5–9]), which could greatly reduce
the noise level of the signal and increase the accuracy of the recognition
method: since graphene is atomically thin, this limits the number of possible
configurations for the attachment of a molecule, thus narrowing the conduc-
tance peak. This could open the door for DNA sequencing without the use
of PCR, though this is still far off.
(a) Schematic of a graphene nanojunction by electroburning. The right most
image sketches the attachment of a molecule. Taken from [10]
(b) The electronic dispersion relation of a graphene
lattice: the Dirac point is highlighted. Taken from
[7]
FIGURE 1: Introductory images
Nonetheless, investigating ways of producing graphene nanojunctions is
still very worthwhile and though different methods have already reached
varying levels of success ([10–12]), they are not without drawbacks. One such
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a method is electroburning, in which a voltage ramp is applied to a graphene
strip until conductance starts decreasing, indicating graphene electroburning.
The voltage is then reset and a new ramp is begun; this process is repeated
until contact is no longer present, at which time the nanojunction should be
complete. However, a significant downside of this method is the inability to
modify the gap size both during and after production, severely limiting the
molecules one can use for any single electroburned nanojunction.
One method of producing tunnel junctions which has not yet been suc-
cessfully tried for graphene is the mechanically controllable break junction
(MCBJ for short). The big advantage of this method of producing tunnel
junctions is that the tunneling gap is modifiable, which provides an addi-
tional degree of freedom one can use to possibly decrease the conductance
peak width. However this method is not necessarily the easiest way of
producing nanojunctions, as there are a number of challenges which need to
be overcome.
This study aims to provide an assessment of the viability and feasibility of
producing a graphene nanojunction in such a way. It consists of three parts:
Characterization of the graphene upon breaking Breaking graphene me-
chanically involves breaking the substrate the graphene is settled upon,
which should break the graphene in the same location. In order to have
a working tunneling junction, the graphene needs to remain exactly at
the edge: it must be broken at exactly the same spot as the substrate
down to the nanometer and not move upon or after breaking. The first
part of this thesis is to find out whether this is the case, as well as check
whether the graphene at the edge maintains its electronic properties
which make it such an interesting candidate for the earlier mentioned
possible applications.
Modified Mechanically Controllable Break Junction The MCBJ has mostly
involved breaking thin wires of metal or otherwise conductive sub-
stances in a controlled fashion allowing atomic sized contacts at the
tunnel junctions. Graphene is an atomically thin sheet and as such a
tunneling junction cannot be made in the same manner from graphene.
Modifications will have to be made to the standard MCBJ in order to
make a functional tunneling junction. The goal of this part of the study
is to find and test a design that has the adequate requirements to make
an MCBJ out of graphene.
Fabrication through electrochemical etching This part of the thesis explores
the relatively simple idea where two partially superimposed graphene
sheets can be made into a tunneling junction by electrochemically etch-
ing away the overlapping area of the two sheets. The idea is tested
experimentally and theoretically to judge whether this possible way of
producing a tunnel junction has any merit.
Finally, we will summarize the conclusions drawn in the three parts and an
assessment will be made on the future possibilities and research that might
result from the thesis.
3Part I
Characterization of graphene
under breaking
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Experimental Methods
1.1 Mechanically Controllable Break Junction
1.1.1 Basics of the MCBJ
FIGURE 1.1: A schematic of a typical MCBJ.
The mechanically controllable break junction is a technique used to fabricate
quantum point contacts or tunneling junctions with an adjustable tunnel gap.
It is used to study the conductance of single (or few) atoms and molecules, a
regime where quantum mechanical effects start to influence the conductive
behaviour.
The technique involves slowly mechanically breaking a conductive sample
until the contact is lost, after which contact is re-established and fine-tuned
until the desired quantum point contact or tunnel junction is obtained. A
typical MBCJ setup is shown in Fig. (1.1). It usually involves a sample
consisting of a wire of conductive material, pre-notched to ensure breaking
at the desired point, attached to a bendable substrate and connected to
a voltage source. This sample is then locked into place by two counter
supports, one on each end of the bendable substrate, and slowly bended
from the bendable side by a pushing rod, often a differential screw with a
piezoelectric motor attached to it. During this bending, a voltage is applied
across the conductive wire to monitor the conductance: the moment of
breaking of the wire is established when the measured conductance drops to
zero. After breaking, the pushing rod is slowly retracted and the bendable
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substrate straightens, reconnecting the two broken parts of the wire: again,
the moment of contact is established by observing a non-zero conductance in
the measurement. The piezoelectric motor is then used to more slowly bend
the substrate until the desired quantum point contact or tunneling junctions
is fabricated.
For the study of single or few atom conductance, the quantum point contact
is usually repeatedly broken and re-established using this piezoelectric mo-
tor to obtain so called traces of conductance, where the conductance during
the breaking/reconnecting is outlined over time. The obtained conductance
values are gathered into a histogram, to look for any specific values corre-
sponding to single or few atom conductance. For the study of molecules,
the gap distance is kept constant and the conductance is constantly moni-
tored over time. The junction is exposed to a concentration of the molecules:
attachment of a molecule in the junction corresponds to a non-zero conduc-
tance spike in the trace of conductance, which are again gathered into a
histogram.
1.1.2 The setup
FIGURE 1.2: The MCBJ section of the cryogenic dipstick.
Our mechanical break junction setup consists of a vacuum-suitable cryogenic
dipstick with a single mechanical feedthrough for breaking the sample, a
thermal wire which aids in cooling the dipstick down uniformly to low
temperatures, and multiple electrical connections: a minimum of four are
required for the experiment. Two of the electrical connections are connected
to a piezoelectric element which is situated at the end of the mechanical
feedthrough and in additional two/four electrical connections are used to
connect the sample for either a two-point or four-point measurement: this
experiment only used two-point measurement. Other connections can be
used for additional measurement (i.e. shot-noise through use of in-situ low
noise cryogenic amplifiers), but they are not necessary for our measurements.
The bottom of the dipstick is shown in Fig. (1.2).
1.1.3 Sample Insertion
The sample holder is shown in Fig. (1.3). It consists of a hollowed out brass
cylinder with a slit in the top, two holes in the side near the top and a screw
thread halfway. The two ’rests’ of the slit on the top are usually covered
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with a small piece of double-sided tape to prevent the sample from sliding
and/or falling. The sample is then gently laid on top of the small slit with
the graphene side facing inward while the wires are pulled through the
holes; the wires are pulled through the holes to allow free movement of
the wires and prevent them from breaking during the rest of the sample
insertion process.
(a) A front view of the sample
holder
(b) A top view of the sam-
ple holder
FIGURE 1.3: The sample holder of the MCBJ. It is screwed
into the bottom ring of the dipstick seen on the left side of
Fig. (1.2).
The sample holder is screwed into the dipstick to the point where the piezo
element makes contact with the bottom of the phosphor bronze substrate of
the sample and is then locked into place. The wires are soldered to a 2-pin
IC connector, which is subsequently plugged into its female counterpart
attached to the electrical connections of the dipstick. The dipstick is then
prepared for low-temperature vacuum conditions: the thermal wire is con-
nected and the IC pin-socket complex is wrapped in teflon tapes along with
all other loose wires. A thin indium wire is applied underneath the rim of
the inside of the dipstick to seal it for vacuum, after which the brass head of
the dipstick is finally locked into place, making the dipstick and the sample
ready for measurements.
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1.2 Raman Spectroscopy
(a) A typical Raman spectroscopy setup for high spatial
resolution. Taken from [13]
(b) Transition schemes for photon-matter scatter-
ing. Taken from [14]
FIGURE 1.4: Raman spectroscopy basics: a typical setup and
transition schemes for the involved scattering processes.
Raman spectroscopy is a technique frequently used to characterize the struc-
ture of molecules and crystalline surfaces. It is based on the Raman effect
from which it derives its name, which is the inelastic scattering of photons.
The method consists of focusing a laser on a sample and recollecting the
scattered light through use of a lens. The collected light is passed through a
filter to remove the light with the original laser wavelength (the elastically
scattered light) and then sent through a monochromator (diffraction grating
or similar device) to split it into its constituent wavelengths, after which a
sensitive detector analyses the intensity of the light of each wavelength. The
collected data is presented in a Raman spectrum, which usually displays the
intensity of the light of each wavelength against the shift in wavelength of
this collected light with respect to the original wavelength of the laser light.
From a classical perspective, the electromagnetic field of the light polarizes
the molecules (or in our case, atoms). The polarized atom will then oscillate
and emit radiation, usually at the same frequency of the incident light: this
elastic scattering is called Rayleigh scattering. However, the atom also has
vibrational modes at fundamental frequencies to which this oscillation can
couple. As such, in some cases the polarized atom will emit radiation with
a frequency that is shifted by this fundamental vibrational frequency with
respect to the original frequency of the light. This inelastic scattering is called
Raman scattering: the radiated frequency can be both lower than the incident
light (Stokes scattering), or higher (anti-Stokes scattering). Generally Raman
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scattering will happen somewhere between a factor 104 and 106 less often
than Rayleigh scattering, which is why the elastically scattered light needs
to be filtered out, as it would otherwise obscure the Raman signal.
Quantum mechanically, we can consider the atom being excited to a higher
virtual energy state upon incidence of the photon. The atom then drops
back, to either a higher (Stokes), the same (Rayleigh), or a lower (anti-Stokes)
energy state. Due to the lower occupation number of higher vibrational
states, the intensity of anti-Stokes scattering will be lower than that of Stokes
scattering. Raman spectroscopy is generally used to observe a change in
vibrational energy state: rovibrational Raman spectroscopy is also used, but
changes in rotational energy state result in very small frequency shifts and
are often very hard to distinguish if the resolution is not high enough.
1.2.1 Raman and graphene
(a) The graphene honeycomb lattice consisting of two
triangular sublattices A and B. Lattice vectors a1 and
a2 for sublattice A are indicated. The inset shows a
graphene unit cell with two atoms, one of each sublat-
tice.
(b) The reciprocal unit cell of
a triangular lattice, with the
first Brillouin zone (FBZ) as the
shaded region inside: the high
symmetry points and lines are
indicated. The inset shows the
reciprocal of the unit cell of the
inset in Fig. (1.5)(a), along with
its FBZ and symmetry points
and lines.
FIGURE 1.5: The lattice, unit cells and first Brillouin zone of
graphene.
In order to interpret a Raman spectrum of graphene we will need to examine
the type of vibrational transitions that can occur in the sample and which of
these transitions are in fact Raman active. Such a vibrational transition means
a change in the phonon distribution of the lattice: thus, we need to look at
the phonon dispersion curves (the relation between the frequency ω and the
wavenumber k) of a graphene lattice to see which phonons correspond to
the peaks in the Raman spectrum.
The graphene honeycomb lattice, depicted in Fig. (1.5)(a), consists of two
intermeshed triangular sublattices; the unit vectors of one such sublattice
are also shown. The inset shows the unit cell of the honeycomb lattice,
which contains two atoms. These two atoms can vibrate in three directions:
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longitudinal along their bond (L), transverse in the graphene plane (iT) or
transverse out-of-plane (oT). In each of these directions, the two atoms can
vibrate in phase or in antiphase: the corresponding phonons are respectively
called acoustic (A) and optical (O), giving rise to a total of six possible
phonon bands. The k-space for which we want to look at the dispersion
curves is determined by the first Brillouin zone of graphene, seen in Fig.
(1.5)(b). More specifically, it is the irreducible Brillouin zone of the graphene
lattice, which is the triangle consisting of the high symmetry lines between
the Brillouin zone center Γ and the high symmetry points K and M. The
dispersion curves along this triangle are shown in Fig. (1.6)(a).
(a) The phonon dispersion curves of the six
phonon modes of graphene along its irre-
ducible Brillouin zone. Taken from [15].
(b) Two Raman spectra of single layer
graphene (SLG): the top spectrum is for
pristine graphene, the bottom one for
defected graphene. Taken from [16]
FIGURE 1.6: Phonon dispersion curves and Raman spectra
of graphene.
So now that we have the phonon dispersion curves, we can compare this
with the two Raman spectra of pristine and defected single layer graphene
depicted in Fig. (1.6)(b). The most important peaks in both spectra are the D
peak at around 1350 cm−1, the G peak at 1600 cm−1 and the 2D or G’ peak
at 2700 cm−1. We can quickly see that the G peak corresponds to the doubly
degenerate iTO and iLO phonon mode at the Γ point, which corresponds
to very long wavelength bond stretching of the two sublattices, seen in
Fig. (1.7)(a). This is the only first order Raman active process, meaning
the only process involving one phonon and nothing else. The D and G’
peak correspond to the iTO phonon mode at the K point (the location of a
Kohn anomaly): they involve respectively one iTO phonon and a defect, or
two iTO phonons with opposite momentum. Both peaks correspond to a
breathing mode of the graphene lattice (see Fig. (1.7)(b)).
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(a) The eigenvectors of
the Γ point iTO and iLO
phonon related to the G
peak.
(b) The eigenvectors of
the K point iTO phonon
related to the D and G’
peak.
FIGURE 1.7: The displacements eigenvectors for the Raman
active phonons of the D, G and G’ peaks. Taken from [17]
Considering their origins, the G and G’ peak are always present in any
Raman spectrum of sp2 bonded carbon. However, the D peak only arises in
the presence of defects: thus, the height of the D peak or, more accurately, the
D-G peak ratio is a measure of how many defects are present in the graphene
lattice: a high D-G peak ratio indicates low quality graphene with many
defects present, while a very low or almost zero D-G peak ratio indicates
pristine graphene of high quality.
1.3 Sample Preparation
1.3.1 Graphene on Si/SiO2
(a) A sample in full focus: the gold leads are visible, as is the
Stycast folded over the sample and the notch for inducing the
break.
(b) An unfocused image of a sample, so the graphene is
visible by reflection.
FIGURE 1.8: Typical graphene on SiO2 samples for the MCBJ
before breaking.
12 Chapter 1. Experimental Methods
Graphene was grown by CVD (Graphenea) and a strip of typically 5 mm
x 10 mm was transferred onto an approximately 10 mm x 20 mm strip of
Si covered by about 300 nm of SiO2 (further referred to as a SiO2 substrate)
using a process similar to standard wet transfer methods ([18–20]). The
graphene on copper was cut in the right size, spin coated in PMMA and
baked for adherence. These strips were then floated in an etchant to remove
the copper, after which the graphene with PMMA is transfered to a water
bath. From there the graphene is transferred onto the Si/SiO2 substrate by
slowly scooping up the graphene while pinning one end to the substrate
with a needle. The PMMA is then removed by flashing with acetone and
the sample is extensively baked to remove excess water. The Si/SiO2 was
cleaned beforehand using piranha solution, followed by baking. The SiO2
substrates were scratched on the backside down the middle as well as
notched on the side to force a starting point for breaking. Two 1 mm diameter
copper wires were connected to the top of the graphene using silver paint
leads in order to measure conductance throughout the experiment; at this
time the conductance of the graphene strip was measured to check the
graphene quality. In some cases gold leads were evaporated on top of the
SiO2 substrate before graphene transfer, to ensure good contact of the leads
with the graphene (the graphene is now wedged between the gold lead and
the silver paint).
An approximately 10 mm x 30 mm phosphor bronze substrate covered
with isolating kapton tape was then covered in a layer of Stycast (cryogenic
epoxy), after which the graphene on SiO2 was gently pressed into the Stycast.
To ensure that the sample would not detach from the phosphor bronze
substrate, the kapton tape was filed before applying Stycast to increase
surface roughness and Stycast adherence, and the Stycast was folded over
the edges of the SiO2 strip uncovered by graphene. The sample was then
left to dry for a minimum of 2 hours and conductance was checked one
final time before insertion into the Mechanically Controllable Break Junction.
Pictures of typical samples1 are shown in Fig. (1.8).
1.3.2 Graphene on glass
First 10 mm x 20 mm strips of thin glass were cut from microscope cover slips
and carefully scratched down the middle. The rest of the sample preparation
follows the same method as the SiO2 samples, with the small exception of
the Stycast not being folded over the sides to prevent the glass from breaking:
instead, the samples were left to dry after which a new batch of Stycast was
applied on top of the edges of the glass strips and connected to the existing
Stycast on the phosphor bronze substrate.
1The sample in focus was an older sample, containing a lot of dust due to prolonged
uncovered exposure to air, while the second sample was very new. The reflectivity of the
newer, cleaner sample made focusing impossible, so a focused image of the older sample
was made instead.
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1.3.3 Measurement Procedure and Conditions
Measurements were done in a simple circuit consisting of the dipstick, a
DAQ device and an I-V converter connected in series. The piezoelectric
element was also connected to the DAQ when used. The DAQ was remotely
controlled by a LabView program (see Appendix). Measurements in the
MBJ were always performed in high vacuum, at pressures between 10−6
and 10−8 mbar, and temperatures were either at room temperature or at 4
K. Before breaking a sample, conductance and conductive behaviour was
determined through monitoring over time (trace) and I-V curve. Traces of
conductance were always made using a bias voltage of 1 V unless stated
otherwise. SEM measurements were performed in typical vacuum of around
10−6 mbar. Raman spectroscopy was done at room temperatures with a 532
nm laser using a spot size of around 300 nm. AFM was done with a standard
AFM tip in room conditions.
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Chapter 2
Results
2.1 Before Breaking
First we need to characterize the graphene beforehand in terms of its elec-
tronic behaviour and surface structure, so we used Scanning Electron Mi-
croscopy (SEM) and Atomic Force Microscopy (AFM) to examine the graphene
surface and I-V spectroscopy to check conductive behaviour .
2.1.1 SEM images
The SEM images displayed in Fig. (2.1) show a graphene sample on Si/SiO2
before attachment to the phosphor bronze substrate. Fig. (2.1)(a) and Fig.
(2.1)(b) show a large number of holes on the graphene surface, the largest
of them reaching a size of around 5 · 103 µm2. These holes are most likely a
side-effect of the wet transfer method (see 1.3.1): when the graphene is laid
on top of the Si/SiO2 substrate, the remaining water between the graphene
and the substrate escapes through capillary motion, resulting in some sheer
forces that can tear holes in the graphene. Though these holes are present
everywhere on the surface, they do not affect the surface coverage in a
dominant way, as the coverage of the graphene is clearly well above 90 %.
Fig. (2.1)(c) and Fig. (2.1)(d) show that the graphene is of good quality at
least on a micron level. Residual poly(methyl methacrylate), or PMMA, can
be seen everywhere on the graphene, which is an unfortunate side-effect of
the wet transfer method; however, the PMMA does not have any effect on
the conductive transport properties of graphene, as evidenced by the sample
resistance of Rsample = 6.2 kΩ, which equals a sheet resistance Rs of 2 kΩ/sq.,
a reasonable number for CVD graphene [21]. All in all, the graphene seems
to be of high quality without significant damage or contamination that could
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influence electronic behaviour.
(a) ∼8 mm2 SEM image of a graphene on
SiO2 sample.
(b) ∼0.3 mm2 SEM image of the holes.
(c) ∼3 · 103 µm2 SEM image of graphene on
SiO2.
(d) ∼5 · 102 µm2 SEM image of graphene on
SiO2.
FIGURE 2.1: SEM images of a graphene on SiO2 sample in
production stage.
2.1.2 AFM images
For an even closer look at the graphene surface of a graphene sample, AFM
was performed on a graphene sample (Rsample = 5.2 kΩ) before attachment
to the phosphor bronze substrate. Fig. (2.2)(a) and Fig. (2.2)(b) show that the
graphene surface is full of spots and lines. The size, height and shape of the
spots indicate adsorbates with an amorphous character: this is once again the
residual PMMA we also observed in the SEM images of Fig. (2.1), possibly
along with other adsorbates attached to the graphene from its exposure to
air, though the sample had not yet been in air for longer than a few days.
The lines are seemingly straight and are the same type of lines also observed
in Fig. (2.1)(d). Most likely these are defects in the graphene in the form of
grain boundaries and ripples: during the graphene transfer process, escaping
or trapped water in the final stages of transfer might ripple the graphene
locally, which is a possible cause for these ripples.
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The fact that these lines seem to be defects in the graphene itself is supported
by Fig. (2.2)(c) which shows an AFM image of the SiO2/graphene edge. A
thick line of adsorbates (possibly PMMA) clearly separates the graphene on
the right and the SiO2 on the left. Though the SiO2 side also has residual
PMMA on top accrued during the graphene transfer process, there are
clearly no lines visible on the SiO2 side, which indicates that the lines must
be defects in the graphene as opposed to arising from adsorbates or the
underlying SiO2 structure. The separation of silicon oxide substrate and
graphene is evidenced by the phase image of Fig. (2.2)(c) depicted in Fig.
(2.2)(d), which clearly shows the different structure of the two sides [22].
(a) 25 µm2 AFM image of graphene on
SiO2.
(b) 1 µm2 AFM image of graphene on
SiO2.
(c) 100 µm2 AFM image of the
SiO2/graphene edge.
(d) Phase image of (c).
FIGURE 2.2: AFM images of sample in production stage,
before breaking.
From the SEM and AFM images it is clear that the graphene quality is high,
with no major defects, patches of uneven growth, or patches of multi-layer
graphene. Grain boundaries, ripples and residual PMMA are unavoidable
side-effects of the production and transfer methods, but should only have a
minor influence on the conductive properties of the graphene we want to
examine.
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2.1.3 Electronic Behaviour Before Breaking
(a) I-Vs of high-quality graphene samples
before breaking.
(b) I-Vs of low-quality graphene samples
before breaking.
FIGURE 2.3: I-V’s of inserted samples before breaking. Blue
and black lines are graphene on SiO2, red and brown lines
are graphene on glass.
Before starting the breaking process, the conductive behaviour of the graphene
samples was determined using I-V spectroscopy. Fig. (2.3)(a) shows the
I-V curves of four samples with a sheet resistance Rs of less than 20 kΩ/sq,
three of which correspond to graphene on a silicon oxide substrate and one
to graphene on glass. The results are as one would expect: all high-quality
graphene samples displayed regular ohmic behaviour corresponding to
metallic substances, which graphene is known to behave like on account of
its zero band gap. The resistance values were determined by linear fitting of
the I-V curves in the figure.
Fig. (2.3)(b) shows the I-V curves of two samples with low quality graphene
either through mistakes in the growth process or damage during sample
preparation, one sample corresponding to graphene on silicon oxide and
one to graphene on glass. Even though the sheet resistance Rs >100 kΩ for
the glass sample and even >1 MΩ for the silicon oxide sample, the electronic
behaviour is still ohmic, so even damages or patches of multi-layer graphene,
though increasing the resistivity by orders of magnitude, do not appear to
change the type of conductive behaviour the graphene exhibits. Again all
values for the resistance were determined by linear fitting of the I-V curves.
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2.2 Breaking the sample: change in conductive behaviour
In the previous section we examined the surface structure and conductive be-
haviour before breaking. In this section we study the conductive behaviour
during breaking for different substrates and at different temperatures.
FIGURE 2.4: Conductance over time during the breaking of
a graphene on SiO2 sample.
A graphene on SiO2 sample was broken using the procedure outlined in 1.1.1
at room temperature in vacuum conditions. During the breaking process,
conductance was monitored over time: the result is displayed in Fig. (2.4).
At around t = 140 s a first jump is observed, changing the resistance from 21
kΩ to 170 kΩ. More jumps are observed almost up into the MΩ regime, until
at around t = 270 s contact was lost and the sample was broken completely.
We then tried to reconnect he sample. The sample was briefly reconnected
at around t = 300 s, after which the sample was broken and reconnected
again once more. The pushing rod was retracted fully after this, with the
resistance reaching a stable value of 160 kΩ, but never returning to the
original value of 21 kΩ. It seems that at the very least, there is a permanent
quantitative change in the conductance, though it is already quite remarkable
that reconnecting the graphene is possible.
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2.2.1 Graphene on SiO2 sample I-Vs
I-Vs at room temperature
FIGURE 2.5: I-Vs taken during the breaking of a graphene
on SiO2 sample.
To examine if there is also a qualitative change in conductance, I-V’s were
taken at the points marked in Fig. (2.4). The results of this are shown in
Fig. (2.5). We can clearly see a change from the linear ohmic behaviour in
the original state to non-linear behaviour after the first jump. As one would
expect, the broken state corresponds to a flat I-V curve. It is interesting
to note that the reconnected sample has almost the exact same I-V curve
compared to the I-V curve of the sample after the first jump.
As an extra check to see if the sample was really broken, sample capacitance
was measured at each stage of the breaking process. Capacitance measure-
ments were done by use of a capacitance bridge directly connected to the
sample and its existing connections. This also means that resistance and
capacitance could not be measured simultaneously, so resistance was mea-
sured before and after capacitance measurement and ensured to be the same
within 10% and all capacitance measurements were done multiple times to
exclude errors, though this is obviously not ideal. The sample capacitance is
most likely a result of charge build-up in the silicon below the silicon oxide,
effectively forming a parallel plate capacitor with a silicon oxide dielectric.
A quick order of magnitude calculation for a parallel plate capacitor of 10
mm2 area and a separation distance of 100 nm with silicon oxide between
the plates using the formula C = ke0 Ad yields a capacitance of around 3,5
nF, an order of magnitude higher than the unbroken sample, though this
can be explained by the fact that this is not a true parallel plate capacitor
as we are not directly applying a voltage between the two ’plates’: we are
only measuring and applying a voltage across one plate. We can clearly see
the capacitance decreasing from its original value to a slightly lower value
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after the first resistance jump, while again a very similar value is obtained
after breaking and reconnecting the sample, with a non-measurable value
in between for the broken state. The MΩ regime also displayed the same
non-linear behaviour, along with a very small, but perceivable value for the
sample capacitance.
So it seems the conductive behaviour of the graphene changes upon breaking,
while the values before and after completely breaking and reconnecting the
sample display remarkable similarity.
I-Vs at 4K
FIGURE 2.6: I-Vs taken during the breaking of the same
graphene on SiO2 sample at 4K.
To obtain more information on the change in conductive behaviour, the
sample was cooled down to 4 K and I-Vs were again taken during different
stages of the breaking process. The results are shown in Fig. (2.6). Remark-
ably, the non-linearity at room temperature has become a flat spot of the I-V
at 4 K. There is a clear blocking region at low voltages where the conductance
of the graphene is extremely low: this region becomes larger with increased
pressure during breaking until the sample is finally broken completely. As
can be seen in the legend, the expansion of this blocking region lead us to ini-
tially falsely classify the sample as broken, while higher voltage I-Vs showed
that this was not yet the case. The final green line should correspond to a
broken sample, but it could be that the blocking region extends beyond the
voltage we could apply without risking the destruction of any equipment.
The I-V’s displayed in Fig. (2.6) are remarkably similar to typical semicon-
ductor I-V curves, including that of silicon which is positioned a mere 300
nm below our graphene during breaking. This semiconductor-behaviour
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should be caused by the graphene itself, since silicon does not conduct at
temperatures of 4 K, but there is still a slight chance that it could be the
cause.
2.2.2 Glass sample
FIGURE 2.7: I-Vs taken during the breaking of a graphene
on glass sample at room temperatures.
To eliminate current running through the silicon instead of the graphene as
a possible cause of the observed non-linear electrical behaviour, a sample
of graphene on glass was constructed and broken at room temperatures
in vacuum conditions (the initial resistance of this sample was already
determined in Fig. (2.3)(a) to be at R = 37,2 kΩ). As seen in Fig. (2.7),
the same effect observed in Fig. (2.5) is also observed in the I-Vs of a
graphene sample on glass at different stages during breaking, which leaves
the graphene as the only possible cause of the non-linearity. An important
observation is that all the I-Vs shown in Fig. (2.7) were taken during the
second braking process, including the almost completely linear I-V that has
been fitted. This demonstrates that not only can we reconnect the graphene,
we can also reverse the non-linear electrical effect to an extent, unlike what
was first thought during the experiment of Fig. (2.5): though the initial value
of resistance cannot be reobtained, the change in conductive behaviour can
be reversed back to ohmic. This suggests that the change is not caused by
any permanent structural change in the graphene, if there is any (see 2.3).
No successful measurements were done at 4 K as the glass shattered at low
temperatures.
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2.2.3 Electroforming effect
(a) Breaking and leaving the graphene sample at rest.
(b) Sample reconnection as a result of a voltage ramp.
FIGURE 2.8: Electroforming effect in graphene breaking.
Another interesting observation made during the breaking of the graphene
on glass is the occurrence of a voltage-induced restoring effect on the
graphene connection. The sample was broken at a bias voltage of 1 V and
left in this position for 2,5 minutes to see if the sample could not reconnect
naturally through relaxation of the substrate: this can be seen in Fig. (2.8)(a).
Afterwards, the voltage was linearly ramped up to a value of 9 V before
returning to the original value of 1 V. As is shown in Fig. (2.8)(b), contact is
re-established during the ramp and does not disappear after the voltage re-
turns to the original value. This effect has been observed multiple times and
was independent on the polarity of the voltage: only the magnitude of the
voltage was of consequence. These current ramps also restored conductance
to higher values when the sample was not broken and still connected.
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2.3 After Breaking
We established in the previous section that there is a change in conductive
behaviour during the breaking process. In this section, we examine the
surface structure after the breaking process of the graphene on SiO2 sample
examined in the previous section.
2.3.1 SEM images
(a) ∼0.3 mm2 SEM image of a broken
graphene on SiO2 sample.
(b) ∼0.3 mm2 SEM image of a broken
graphene on SiO2 sample.
(c) ∼750 µm2 SEM image of graphene on
SiO2 near the break.
(d) ∼750 µm2 SEM image of graphene on
SiO2 near the break.
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(e) ∼3 · 103 µm2 SEM immersion mode im-
age of graphene on SiO2 near the break
(f) ∼750 µm2 SEM immersion mode image
of graphene on SiO2 near the break
FIGURE 2.9: SEM images of a graphene on SiO2 sample after
breaking.
First, SEM images were taken of the graphene after removal of the sample
from the MCBJ set-up: these are shown in Fig. (2.9). In images Fig. (2.9)(a)
and (b), the break can be seen to be quite wide at W ≈ 30 micron, but
constant in width and remarkably straight. On the left side of the break, the
graphene and the silicon oxide can be distinguished from each other. Fig.
(2.9)(c) and (d) show a closer image of the edge of the break. Though damage
can be seen, especially in image (d), it is unsure whether these are a direct
result of the breaking process: they seem to be small tears in the graphene,
but Fig. (2.1) confirmed the pre-existence of holes in the graphene. Images
(e) and (f) were made in immersion mode. Fig. (e) shows a number of these
tears in the graphene that seem to all follow a similar direction, which could
point towards them being the result of the strain during breaking. Fig. (f)
shows again the residual PMMA that is still on top of the surface even after
breaking in vacuum low-temperature environment.
There is a lack of contrast in these images compared to the ones shown
in Fig. (2.1). This was caused by the occurrence of strong charge effects
during imaging. During the imaging before breaking, the sample had yet
to be attached to the phosphor bronze substrate, so the built-up charge
could be easily discharged through the silicon in contact with the metal base
sample plate of the SEM. However, for these images the sample was already
attached and as such was lying on top of a thick layer of isolating stycast,
completely detached from the metal base plate, thus unable to prevent the
charge build-up on top. This distorted the images made, especially the more
close-up ones, so to counter this we connected the wire of the left side to the
bottom of the metal base plate of the SEM: this fixed the occurrence of charge
effects, but the faster discharge means a loss in contrast of the image, as less
secondary electrons are emitted from the surface. The right side remained
unconnected (wire was not long enough) and as such suffered from an even
worse lack of contrast.
From the SEM images, the break is determined to be straight and constant
in width. From the immersion mode images, the graphene can be seen to
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exist at least until within 1 micron of the edge. It also seems that there is no
big increase in large structural damage to the graphene, though there could
still be an increase in smaller damage, or an increase in damage towards the
edge.
2.3.2 Raman Spectroscopy
(a) Raman line map location on origi-
nal graphene on SiO2 sample.
(b) D-G peak ratio along the first sample line
map.
(c) D and G peak intensity along the first sample
line map.
(d) Raman line map location on second
graphene on SiO2 sample.
(e) D-G peak ratio along the second sample
line map.
(f) D and G peak intensity along the second
sample line map.
FIGURE 2.10: Raman line map across the break.
In order to determine whether there is any significant deterioration in
graphene quality towards the edge, Raman spectroscopy was done on two
different graphene on SiO2 samples after SEM imaging: Raman spectroscopy
is an often used tool to determine graphene quality ([15, 23, 24], see 1.2.1).
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The first three figures are from Raman mapping on the broken graphene on
SiO2 sample of the previous sections: the location of the line on the sample is
approximated in Fig. (2.10)(a). The line map could only be done on one side
up until the break: due to the breaking, the two halves of the sample have
different normal directions. This means that the lenses focusing the laser
and its scattered light can only be properly aligned for one half of the sample.
Mapping across the break will result in misalignment and loss of Raman
signal, while realigning the lenses after crossing the gap will compromise the
spatial information gained by the Raman mapping. Fig. (2.10)(b) displays
the D-G peak ratio of the 48 micron Raman line map. There is no increase in
D-G peak ratio near or even in the gap, which indicates there is no increase
in defects towards the edge. The Raman spot size is around 300 nm and
the line map step size is 1 micron: this means there is at least no increase in
damage up to a micron within the edge. Fig. (2.10)(c) shows the G and D
peak intensity along the line map, which shows that the intensities remain
constant up until the last point where they drop off, which is probably the
result of the Raman laser disappearing entirely inside the gap where there is
no graphene.
Fig. (2.10)(d) and Fig. (2.10)(e) show the location of the line map on the
other sample and the D-G peak ratio of the line map respectively. The line
map was done before the break, though it is not very visible in Fig. (2.10)(d).
Fig. (2.10)(e) confirms the findings of the first Raman mapping that there is
no increase in damage towards the edge. The low overall intensity of (f) as
compared to (c) can be explained by the longer exposure to air the second
sample had endured before Raman spectroscopy (>1 month vs. 4 days).
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2.3.3 AFM Images
To look at the break edge even closer, AFM was performed on the original
broken graphene sample on SiO2. These images are shown in Fig. (2.11). Fig.
(2.11)(a) shows the graphene away from the break edge. Compared to the
images in Fig. (2.2), the amount of adsorbates is high, most likely PMMA
from faulty PMMA removal (also seen in Fig. (2.9)). The phase image of
(a) shows that the surface structure is mostly dominated by the residual
PMMA as one would expect. As such we cannot gain much information on
the quality of the graphene from the AFM images.
(a) 100 µm2 AFM image of graphene on
SiO2 after breaking.
(b) Phase image of (a)
(c) 100 µm2 AFM image near the break (d) Phase image of (c).
(e) Close-up of part of the
strip in image (c).
(f) Height profile along the blue horizontal line
in (e).
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(g) Zoom in of (d) near the break
edge.
FIGURE 2.11: AFM images of sample after breaking.
Fig. (2.11)(c) shows the edge of the sample. The top half of the image is
distorted because the tip keeps lowering itself further into the gap as it
cannot find contact (scan direction is right to left, bottom to top) up until
the point it encounters the edge (which runs diagonal to the upper left in
the image), after which the feedback overcorrects immensely and heavily
oscillates the tip. The phase image of Fig. (2.11)(c) is shown in (d). It confirms
the location of the edge as being along the diagonal and seems to indicate
that the structure of the graphene to be the same as away from the edge,
though the slight distortion of the phase image because of the feedback as
well as the dominance of PMMA on the surface stretch this conclusion a lot.
The phase image in (d) is not enough to explain the strange vertical strip
without the presence of any adsorbates. Fig. (2.11)(e) and (f) give us the
information to explain that: the height profile along the line drawn in (e) is
shown in (f) to be a step of about 2,5 nm high, which is a very reasonable
value for the AFM step height of graphene as CVD graphene step height
is known to vary across a range of values between 1 and 4 nm, the most
common value being around 2 nm [25]. Thus the PMMA-free strip is most
likely a tear in the graphene like the ones we saw in Fig. (2.9), exposing
clean PMMA-free SiO2 below, which also means these tears are the result of
the breaking of graphene, barring any damages accrued during the handling
of the sample.
This also allows us to confirm the presence of graphene at the edge: moving
graphene would have exposed clean, PMMA-free SiO2 below, but we can
see from Fig. (2.11)(g) that the adsorbate covered surface extends to within
around 100 nm of the edge: thus, graphene is estimated to be present up
until that distance of the edge, though the graphene quality there cannot be
determined.
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Discussion of the graphene
characterization
3.1 Cause of the non-linear conductive behaviour
The non-linearity in the I-V curves of 2.2 can be explained by multiple
scenarios.
An important scenario that needs to be considered first is the possibility
of tunneling, as this would mean we would have already accomplished a
graphene nanojunction. In fact, at first glance the non-linear shape of the
I-V curves seem to match the typical tunneling I-V curve shape perfectly.
However, fitting the Simmons tunneling model [26] to two of the I-Vs in Fig.
(2.6) yielded mixed results (see A.2.1). Moreover, the presence of tunneling
current seems highly unlikely because of two reasons. The first one is that
the generalized formula for tunneling shows an exponential dependence of
the tunneling current on the gap distance:
Itunneling ∝ e−βd (3.1)
This means that increasing the pressure on the sample and thus increasing
the gap distance should have a dramatic effect on the magnitude of the
tunneling current. This was not the case: piezo-response (current change as
a consequence of a change in piezo voltage) was not observed and strain
had to be increased dramatically to perceive an influence on the current
and sample resistance. Another argument is that tunneling resistance at 1
V is usually of the order of magnitude 1 MΩ at the very least, while this
non-linear effect was observed at sample resistances as low as 150 kΩ. It
seems highly unlikely that a tunneling current is the cause of the effect.
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3.1.1 Edge protrusions after breaking
(a) Large protrusion from silicon break edge. (b) Another large protrusion from silicon
break edge.
(c) Smaller, seemingly flat protrusion from
the graphene edge.
(d) (d) to (f) all show similar protrusions to
(c)
FIGURE 3.1: SEM images displaying various protrusions
from the edge of the break.
A closer study of the SEM images obtained after breaking the sample pro-
vides a possible indication as to what happens during the breaking process.
Fig. (3.1) (a) and (b) seem to be large protrusions sticking out from the silicon
substrate and are likely to either be large dust particles or shreds from the
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silicon substrate. However, Fig. (3.1) (c)- (f) seem to be distinctly different
in size and structure from the first two protrusions. Their sizes are in the
range between 100 nm and 1 micron, but most importantly, they all seem to
be protruding from the top of the sample rather than from the bulk of the
silicon below.
3.1.2 Possible scenario
FIGURE 3.2: Various moments during a molecular dynamics
simulation of graphene stretching.
A possible cause of these protrusions is graphene stretching. Fig. (3.2)
shows a graphene lattice during different times of a molecular dynamics
simulation of uniaxially straining graphene (the simulation was done by dr.
C. Sabater). One interesting observation from the simulation was how elastic
the graphene lattice was: it could stretch to almost twice its original length
along the strain axis before finally breaking completely, though it changes
its structure some time before that. Nonetheless, it is a surprising feature.
We propose that the protrusions of Fig. (3.1) are the result of graphene not
breaking everywhere completely when its substrate breaks initially. When
the silicon substrate underneath the graphene breaks, it does so in a violent
manner, breaking almost all of the graphene on top, but at some points the
graphene gets stretched and remains unbroken and connected: this would
correspond to the first jump in conductance in Fig. (2.4), which would
explain why we cannot return to the original state: we cannot reconnect
the majority of the graphene again. Eventually the still connected, but
suspended graphene would break, causing the two pieces to dangle from
the edge. When attempting to reconnect the sample, these are the spots
where we regain contact, thus explaining why we return to almost the
exact same value of conductance in Fig. (2.4). It would also explain the
electroforming effect seen in Fig. (2.8). When increasing the voltage, we
increase the in-plane electrical forces in the graphene layer: this would cause
the dangling graphene to straighten and extend from the edge, reconnecting
with the graphene on the other side and re-establishing contact.
However, this alone does not explain the non-linearity observed in the con-
ductive behaviour. Blocked electron transport in graphene nanoribbons has
34 Chapter 3. Discussion of the graphene characterization
been widely reported both theoretically and experimentally ([27–34]) and
various causes have been reported, from line edge roughness LER) induced
scattering limiting the electron transport to uniaxial strain or even magne-
toresistance. Unfortunately, most studies involve back-gated nanoribbons
of the order of 10-100 nm in width, though sometimes >100 nm in length.
In our case there is no gating nor is gating a real option to implement and
from Fig. (3.1) the graphene ’bridges’ are estimated to initially be an order
of magnitude larger in width than the nanoribbons studied, at which point
an explanation like LER limited electron transport would likely not apply. It
could be that we are simply measuring the non-linearity in the dispersion
relation of the electrons in graphene (which is seen in Fig. (1)(b)), or it
could be the result of folding or curling of the graphene ribbons. Another
option would be local heating of the graphene, since we are applying a high
enough voltage that Joule heating might occur, though the electrical conduc-
tivity of both single- and multi-layer undoped graphene is quite stable with
temperature ([35–37]). No verdict on the cause can be drawn based on the
measurements done in the previous chapter.
3.2 Discussion: Future of graphene in the MCBJ
The results of the previous chapter indicate that graphene on SiO2 can still
be made suitable for a mechanically controllable break junction. However,
some problems still need to be overcome. One of the most difficult things
to accomplish in the regular graphene breaking experiments in the MCBJ
was getting the graphene to break in the preferred spot. Significant force is
needed to break a graphene on SiO2 sample and initially the sample was not
able to withstand these forces, resulting in the silicon substrate detaching
from the stycast or the stycast detaching from the phosphor bronze substrate
below, or even the kapton tape peeling the entirety of stycast and silicon
substrate off of the phosphor bronze substrate. Though such sample failure
decreased drastically in the later stages of the research, there were still
problems with the actual breaking itself. The sample would break at non-
preferred points (inside the electrodes) or even at multiple points at once,
even though measures were taken to weaken the sample at the preferred spot
by scratching the back of the silicon substrate and even notching the silicon
substrate. For future more complicated experiments involving graphene in
a MCBJ, breaking success rates would have to be improved significantly.
Continued research into the characterization of graphene might also prove
difficult, as the graphene edge poses a lot of difficulties for a lot of surface
probing techniques, though AFM imaging can be improved by changing
feedback settings at the break. Nonetheless, an MCBJ of graphene is still a
feasible option for the fabrication of a graphene nanojunction.
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Part II
The Modified Mechanical
Break Junction
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Chapter 4
Concept of Modified MCBJ
4.1 Requirements for a nanojunction
In the introduction we established that the standard Mechanically Control-
lable Break Junction needs to be modified to make a suitable tunneling
junction with graphene, but we haven’t discussed exactly which kind of
changes need to be made. In order to get an idea of the type of design
changes we need to implement, we first look at the requirements such a
Modified MCBJ would need to fulfill, which are mostly the same ones a
normal MCBJ needs to fulfill, with a couple of added ones on account of the
structural differences between a graphene sheet and metal wires.
FIGURE 4.1: Sketch of different required movements of the
two sample halves after breaking
The first two requirements of the MCBJ are the most obvious ones: we need
to be able to break the graphene and to bring the now separated electrodes
back into contact with one another. However, since graphene is an atomically
thin sheet and only occupies the top of the substrate, we need to be able
to specifically bring the top sides of the electrodes back into contact, so we
need to tilt/bend back both halves or freely lower/raise one of them.
Another requirement for the tunnel junction is that we need to have a single
point between the electrodes for the tunneling current to jump across. For
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metal wires this is readily satisfied by making a notch over the entire circum-
ference of the wire and then stretching the wire, but a broken graphene sheet
will still have multiple points where the tunneling current can run across,
since the edges of the separated graphene are still parallel to each other. To
solve that, we need to reduce the area where such points might occur, which
we can do by introducing an angle between the two edges of the sheets.
An additional requirement is that since graphene has a substrate, the two
electrodes might touch at the substrates only and never at the graphene.
We already reduced the risk of this situation with the previous measures of
bending back both halves or freely raising/lowering one, as well as reducing
the possible contact area between the two halves by introducing an angle.
But if there are protrusions from the substrate due to uneven breaking, there
is still a risk present. Luckily, the introduction of an angle between the two
sides has provided an easy possibility of choosing a new contact point: we
need to be able to either horizontally or vertically slide the edges along each
other to allow a choice of contact point.
As the final two requirements, the tunneling gap needs to be adjustable, so
we need forwards and backwards movement of the sides, and the tunneling
junction also needs to be stable, so the two halves need to be locked into
place during all the operations performed.
Summarizing the requirements in the order in which they’re most likely to
occur:
1. Stability during the process
2. Breaking the sample
3. Bending back both halves
4. Rotating the substrate(s)
5. Reconnecting both halves
6. Adjust the gap
7. Sliding two sheets along each other
A rough overview of the different type of movements is presented in Fig.
(4.1). The numbers in the figure correspond with the number on the list.
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4.2 Design of the MMBCJ
(a) The chamber where the
sample is inserted.
(b) The sample clamp. Samples are inserted
between the top and bottom halves.
FIGURE 4.2: The MMCBJ set-up.
A design for the modified MCBJ (MMCBJ) was made based on an STM
feed. A picture of the sample chamber is given in Fig. (4.2)(a). As seen
there, the sample chamber consists of a tip (right) and sample (left) side
which can be moved independently from each other. The sample side moves
in a swinging fashion, pivoting towards/away from the tip side. The tip
side moves vertically up and down. The tip side is sitting on a rotating
stage consisting of a small disk with a lever attached, which is rotated by a
ball-and-spring to be in the rotated state when the sample is not inserted. A
piezoelectric element was supposed to be mounted behind the sample side,
but due to reasons made clear in chapter 6, the piezo was not implemented.
The sample consists of graphene deposited, in the same manner as detailed
in 1.1, onto either a 5x5 mm Si/SiO2 substrate, or a 5x5 mm quartz substrate.
The sample is inserted into two metal clamps, one of which is pictured in Fig.
(4.2)(b), on both sides which are tightly secured to satisfy requirement #1.
The clamps with the sample in between are then simultaneously slid into the
sample and tip side (the sample spans the gap between tip and sample side).
During insertion of the sample, the rotation stage is primed by holding the
lever during sample insertion: when the sample is inserted, the connection
to the fixed clamp on the sample side prevents the stage from rotating.
To break the sample, the tip side is moved up/down which puts strain
on the sample. When the sample breaks (req. #2), the two parts of the
sample can move independently from one another: since the tip side is
no longer connected to the fixed sample side, the rotation stage snaps into
place, introducing the angle of rotation from requirement #4. The swinging
sample-side movement reconnects the separated halves (req. #5) , while
the piezoelectric element allows for finer movement and gap adjustment
(req. #6). The vertical tip-side movement is used to change contact points
(req. #7). This only leaves requirement #3: before breaking, the sample
side can be tipped forward to ensure the proper bended back V-shape is
accomplished directly after breaking, thought this is not an optimal way of
satisfying requirement #3 as it cannot be adjusted during breaking.
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Testing the MMCBJ concept
5.1 First tests: Si sample
FIGURE 5.1: Conductance over time of the first test of the
MMCBJ with a silicon sample
Before implementation of the rotating stage, we tested the MMCBJ by break-
ing and reconnecting a regular silicon sample. The results of the test are
displayed in Fig. (5.1) We started out with a sample conductance of around
3,04 G0, which is around 4,25 kΩ. The sample was then slowly put under
more strain by following the procedure detailed in 4.2, which resulted in
jumps in conductance, most likely caused by movement of the sample in-
side the metal clamps: the clamps themselves serve as the electrodes, so
better/worse contact with the clamps would result in higher/lower values
of conductance respectively (this problem will be discussed more in chapter
6). After around 3 minutes, the sample was broken as the conductance was
rapidly fluctuating around a value of less than 10−5 G0, which is a resistance
of over 1 GΩ: this is most likely just background noise, as it is well over
any reasonable resistance for a silicon sample. When this was established,
the tip side was lowered again to reconnect the sample. This is seen in the
figure at t ≈ 270s where there is a sharp increase in conductance to around
1,7 G0 = 7,6 kΩ, a reasonable value considering the original conductance of
the silicon sample.
In short, we were able to break the silicon sample in two halves and reconnect
them again using the MMCBJ.
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After implementing the rotating stage, another test was attempted using
a silicon sample. However, the rotating stage exerted so much torque on
the silicon sample that it broke upon insertion into the sample chamber.
Another test was attempted using a quartz substrate covered in silver paint:
the quartz sample did not break during insertion, but upon applying force
by moving the tip side, the combination of the exerted force from upwards
movement and torque from the rotating stage broke the sample in a triangu-
lar shape, which was not possible to reconnect again.
Before implementing changes to the design, we decided to test the prin-
ciple concept of the MMCBJ for a graphene sample by a simple table-top
experiment.
5.2 Table-top Experiment
5.2.1 Experimental method
FIGURE 5.2: Picture of the table-top experimental set-up
The experimental set-up can be seen in Fig. (5.2). It consisted of a small open
styrofoam box of around 30 x 30 x 20 cm with two mechanical manipulators
on top, which could be filled with liquid nitrogen. The sample was again
inserted into the same metal clamps used in the MMCBJ, which were then
slid into two holders connected to small ceramic sticks of around 15 cm in
length The box contained a razor blade on which the sample could be broken,
after which the ceramic sticks connected to the now separated halves were
inserted into the mechanical manipulators. The mechanical manipulators
were then used to reconnect the two sample halves, including a small angle.
This experiment was performed in two ways: by first breaking the sample,
subsequently cooling down to 77 K using liquid nitrogen and reconnecting
the sample, or by first cooling down and then breaking and reconnecting at
77 K.
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5.2.2 Table-top tests
Tests were attempted using a sample of graphene on SiO2 fabricated using
the same method as detailed in 1.3.1. The sample resistance was checked
beforehand and a discrepancy was noticed between resistance measured
strictly on top of the sample and the resistance measured through use of the
metal clamps as electrodes. The cause of this was the silicon below the SiO2:
the clamps wrap around the sample and as such touch the silicon substrate
below as well: the resistance of the silicon below the graphene was lower
than that of the graphene itself. When the sample was cooled down, this
situation did not change, as silicon remains well-conducting until around 50
K (at liquid helium temperatures of 4 K, the silicon does not conduct) [38].
As such, the clamps were not suitable for this experiment, but modification
of the clamps for this experiment was not deemed efficient.
Instead, a sample of graphene on quartz was tested to eliminate the sili-
con conductance altogether. Initial measurements of the sample resistance
showed a value of around 11 kΩ, though after cooling to 77 K this value
was reduced to around 5,4 kΩ. The sample was then broken, but upon
breaking the quartz sample shattered into multiple pieces and reconnecting
the sample was not possible. Further tests were not executed because of
time constraints of the research.
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Discussion: future of MMCBJ
6.1 Experimental difficulties
As one could expect, the testing of the design of the MMCBJ exposed a lot
of practical difficulties complicating the experiment. A few of them have
already been named in the previous chapter, but there are a few more that
are important to mention:
Two-point vs. three-point breaking The current design of the MMCBJ in-
volves raising or lowering the tip side while the sample side remains
stationary and in this way applying the strain needed to break the
sample. This is an example of two-point breaking rather than the three-
point breaking used in most MCBJ experiments. The main reason for
this is that two-point breaking has one significant disadvantage: the
breaking point is at an awkward location. Using our two-point break-
ing method, most of the force will be applied right at the edge of the
clamps. The samples will therefore always break at either edge of the
clamps, which immensely complicates reconnecting the sample: since
the metal clamps function as the electrodes, it will be much more likely
to receive a signal by simple touching the clamp with the part of the
sample still sticking out. This is of course entirely not the purpose of
the experiment: the design would have to be changed to incorporate a
variant of three-point breaking, where we can freely choose a suitable
location for the break to occur.
Sample insertion Inserting the sample into the clamps, locking them tight
and subsequently sliding the clamps into the sample holders is a
delicate procedure with a high failure rate, since the clamps must be
locked tight without breaking or even pulverizing the sample while
still ensuring the sample cannot move inside the clamps. Even after a
lot of practice success rate was still only around 70%, while initially
hovering around 25%. This problem could be fixed by choosing a
more robust substrate type or thickness, but that will increase the
force needed to break the sample, increasing the chance of obtaining a
wrong break (jagged, or diagonal) or even completely destroying the
sample upon breaking. A difficult trade-off complicated further by the
next point.
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(In)dependence vs. stability We established that upon breaking the sam-
ple, the sample is split into two parts that can move independently
from each other. However, the clamps were initially tightened when
the sample was in a dependent state: as a result the two now inde-
pendent sample halves can move inside their clamps, thus losing the
stability that is such a key part of the MCBJ.
6.2 Outlook
Rather than immediately trying to fix the multitude of problems in the
current design, considering their number it is probably best to loosen the
requirements on both the MMCBJ and the eventual graphene nanojunc-
tion that it is supposed to fabricate. There are a number of possibilities in
which this might be done: a first step would be to simply try fabricating a
graphene nanojunction only at room temperature and in atmospheric pres-
sure. Another possibility would be to focus on a particular requirement for
the MMCBJ and develop that first: for instance, the tabletop experiment
focused on the rotating aspect, but one might also focus on different meth-
ods of breaking the sample or on mechanically controlling the gap distance
between two graphene sheets.
In short, the MMCBJ project still has potential, but is currently too compli-
cated to achieve all its goals. It is advised to focus on a particular goal or
criterion to achieve progress on.
47
Part III
Electrochemically etching a
graphene nanojunction
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Chapter 7
Experimental test
7.1 The concept
FIGURE 7.1: A sketch of the experimental concept
A sample is constructed in such a way that two graphene layers are partially
superimposed and share a small overlap region. The resistivity between
the two layers ρ⊥ should be higher by a significant amount than the in-
plane resistivity ρ‖ of either layer: literature values report a 2 to 4 orders
of magnitude difference for bulk graphite and graphite nano-platelets ([39–
41]), so we can expect a similar value for bi-layer graphene. If a voltage is
then applied between both graphene layers, most of the voltage drop will
occur at the overlap site, as the resistance is the highest between the two
layers. Introducing a substance that chemically reacts with graphene in such
a way that it (electrochemically) etches graphene, the graphene at the site
of overlap will be etched away first, resulting in a graphene nanojunction
between both layers. An outline of the concept is sketched in Fig. (7.1)
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7.2 Sample preparation
FIGURE 7.2: Schematic of the test sample
A test sample as shown schematically in Fig. (7.2) was prepared by trans-
ferring a graphene strip onto a Si/SiO2 wafer using the same wet transfer
method as detailed in 1.3.1. After drying and inspection by optical mi-
croscopy, a second graphene layer was deposited on the same manner by
eye partially overlapping the first layer of graphene. The sample is then
inspected again by optical microscope and electrodes are made at four dif-
ferent points: at both ends of the two graphene strips (A and D) and on both
sides near the overlap area (B and C). Resistance is then measured across all
possible combinations of electrodes.
7.3 Test results
TABLE 7.1: Resistance of all possible combinations of the test
sample depicted in Fig. (7.2). Strictly in-plane sections are in
italics, the overlap section is bolded.
Combination Resistance
A-B 5,4 kΩ
A-C 11,3 kΩ
A-D 17,7 kΩ
B-C 6,1 kΩ
B-D 12,5 kΩ
C-D 6,6 kΩ
The results of the measurements on the test sample are shown in Table
(7.1). Comparison of combination B-C, and combinations A-B and C-D
in the figure yields less than one order of magnitude difference between
the resistance of the overlap section of the sample and the strictly in-plane
sections of the graphene layers. In fact, the B-C combination does not have
the highest resistance of those three, which shows that the difference in
resistance is not at all influenced by the anisotropy in electrical resistivity
of graphene. Rather, the difference in resistance can be explained by the
varying length of the strips of graphene between the electrodes, since overall
resistance is determined by:
Rin−plane =
ρ‖L
A
=
ρ‖L
Wd
= Rsheet
L
W
(7.1)
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Here, ρ‖ is the resistivity, A is the cross-sectional area of the material and L,
W, d are the length, width and thickness of the graphene respectively. Since
single-layer graphene is an atomically thin layer with uniform thickness
everywhere, it is more common to write this equation in its final form, where
Rsheet is the sheet resistance of the graphene.
This equation also offers a very likely explanation for the lack of influence of
the higher resistivity perpendicular to the graphene sheet. For the resistance
between the layer, the terms switch around a bit, so we get:
Rperpendicular =
ρ⊥d
WL
(7.2)
Here, ρ⊥ is the resistivity, d is now inter-layer gap distance and L, W are the
overlap length and width respectively. We see that even if ρ⊥ is orders of
magnitude larger than ρ‖, if the overlap area A = WL is large enough, the
added perpendicular resistance can become negligible.
Thus, before we conduct any further experiments, we need to calculate the
range of values for the gap distance d and the overlap length and width L
and W that yield a suitable increased voltage drop across the overlap.
An attempt at testing the principle of the electrochemistry experiment was
made by applying a large voltage (around 2 V) for a small amount of time
across a graphite sample on top of which a droplet of water was deposited.
The sample was supposed to be examined by AFM before and after the test.
However, after the test the sample had become very dirty, most likely as a
result of the test itself, and AFM on the sample was no longer possible. The
cause of this dirtying of the sample might have been electrochemical reaction
or even electroburning as a result of the applied voltage, or the attraction
of dust particles as the voltage applied was negative. In any case, the
testing conditions differed considerably from the conditions of the suggested
electrochemical experiment: apart from the obvious differences between
graphene and graphite, here the voltage is also applied across graphite layers
instead of merely between them. As such, the results of this test may be of
limited value for estimating the feasibility of the electrochemical experiment.
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Theoretical calculations
8.1 Model and equations
FIGURE 8.1: Model used for the theoretical calculations of
the voltage drop
The model for the theoretical calculations is shown in Fig. (8.1). The outline
of the experiment was already sketched in Fig. (7.1): Fig. (8.1) simply
introduces useful mathematical notation to the sketch so we can derive
equations from it. In the model, Va and Vb are the in-plane electric potentials
of the bottom and top layers respectively and ia and ib are the corresponding
in-plane electric currents. i⊥ is the current flowing vertically between two
layers and L, d are the overlap length and gap distance respectively. From
the model, we can obtain a set of four differential equations, two for both
in-plane voltages and two for both in-plane currents. They are:
dVa
dx
= −Sia, diadx =
di⊥
dx
= (Vb −Va)t, with S =
ρ‖
Wd
(8.1a)
dVb
dx
= −Sib, dibdx =
−di⊥
dx
= (Va −Vb)t t = Wρ⊥d (8.1b)
Here ρ‖ and ρ⊥ are the in-plane and perpendicular resistivity respectively
(unit is Ω ·m) and W is the width of the overlap area. We can also obtain
a set of boundary conditions for the potentials and the current, along with
two additional equations for the total potential and current. These are:
Va(L) = 0, ia(0) = 0, ia(L) = Itotal , ia(x) + ib(x) = Itotal
(8.2a)
Vb(0) = V0, ib(0) = Itotal , ib(L) = 0, (Va + Vb)(x) = −SItotalx + c1
(8.2b)
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The last equation was obtained by combining the differential equations
for the potential with the last equation for total current in Eq. (8.2a) and
integrating the equations: the term c1 is just an integration constant. We
can use this equation and substitution of the current equations into the
potential equations of Eq. (8.1a) and Eq. (8.1b) to obtain two second-order
nonhomogeneous linear differential equations for the potentials:
d2Va
dx2
− 2StVa = S2 Itx− Stc1 (8.3a)
d2Vb
dx2
− 2StVb = S2 Itx− Stc1 (8.3b)
So the second-order nonhomogeneous LDEs are the same for the potentials
of both planes. Solving these equations thus also yields two similar solutions:
Va = −12SIx +
1
2
c1 + A1e
√
2Stx + A2e−
√
2Stx (8.4a)
Vb = −12SIx +
1
2
c1 + B1e
√
2Stx + B2e−
√
2Stx (8.4b)
Now, we introduce the quantity k =
√
2St =
√
2ρ‖W
Wdρ⊥d =
1
d
√
2ρ‖
ρ⊥ . Revisiting
the first equations for the potentials in Eq. (8.1a) and Eq. (8.1b) and applying
the four boundary conditions for the currents ia and ib in Eq. (8.2), we obtain
four equations for the constants in Eq. (8.4):
A1 − A2 = SI2k , A1e
kL − A2e−kL = −SI2k (8.5a)
B1 − B2 = −SI2k , B1e
kL − B2e−kL = SI2k (8.5b)
Solving these equations and introducing τ = SI2k yields the values for the
constants:
A1 = −τ 1 + e
−kL
ekL − e−kL , A2 = −τ
1 + ekL
ekL − e−kL (8.6a)
B1 = τ
1 + e−kL
e−kL − ekL , B2 = τ
1 + ekL
ekL − e−kL (8.6b)
Inserting these into the expressions for the potentials in Eq. (8.4) and intro-
ducing the quantity δ = e
kx+e−kx+ek(x−L)+ek(L−x)
ekL−e−kL , we obtain for the potentials Va
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and Vb:
Va =
1
2
SIx +
1
2
c1 − τδ (8.7a)
Vb = −12SIx +
1
2
c1 + τδ (8.7b)
For the value of the constant c1, we use the boundary condition for the
potential Vb in Eq. (8.2), Vb(0) = V0 to get c1 = 2(V0 − τδ). And so we write:
Va = V0 − 12SIx− 2τδ (8.8a)
Vb = V0 − 12SIx (8.8b)
Finally we can write for the ratio between in-plane and perpendicular volt-
age drop:
Vperpendicular
Vin− plane =
(Vb −Va)(x)
Vb(0)−Vb(L) =
2
kL
δ =
√
2ρ⊥
ρ‖
(
L
d
)−1δ (8.9)
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8.2 Ratio plot
(a) For L/d = 1
(b) For L/d = 100
FIGURE 8.2: δ plotted against x in terms of the fraction of
the overlap length L
First we examine the function δ(x) for the range 0 ≤ x ≤ L, which is plotted
twice in Fig. (8.2). We immediately find that the function is symmetric:
δ( 12 L + c) = δ(
1
2 L− c). Furthermore, its derivative with respect to x is:
dδ
dx
= k ∗ e
kx − e−kx + ek(x−L) − ek(L−x)
ekL − e−kL (8.10)
We see that it has an extremum at the point of symmetry x = 12 L. Upon
further inspection, we see that the derivative is negative for 0 ≤ x ≤ 12 L and
positive for 12 L ≤ x ≤ L. Therefore the extremum at x = 12 is a minimum
and the maxima are at the edges x = 0 & x = L. The voltage ratio will
therefore be the largest at the outer edges of the range x.
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The crucial parameter regulating the influence of δ on the voltage ratio is
kL =
√
2ρ‖
ρ⊥
L
d . In 7.1 we established that the values for
ρ⊥
ρ‖
ranged between
102 and 104, so 103 seems a reasonable value. So we can reduce it to: kL =√
1
500
L
d ≈ 0, 04 Ld .
The ratio of overlap length over gap width is the most important quantity
determining the magnitude of both δ and the voltage ratio of Eq. (8.9). For
L
d = 1, δ increases the voltage ratio by a factor of around 44 everywhere in
the range x (Fig. (8.2)(a)). However, a value of Ld = 10 will change that factor
to around 4, while for Ld = 100, δ decreases the voltage ratio away from
the edge down to a fifth in the center compared to the edges (Fig. (8.2)(b)).
Clearly, δ is a heavy amplifier of the effects of L/d on the voltage ratio.
(a) For x = 0
(b) For x = 12 L
FIGURE 8.3: Voltage drop ratio versus the overlap length/-
gap width ratio
Now that we have an expression for the ratio between the voltage drop
perpendicular and parallel to the graphene layers, as well as examined the
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influence of δ, we can plot this to obtain the desired values for L and d, as W
was shown not to influence the ratio in any way. The expression in Eq. (8.9)
was plotted against the ratio of Ld , at x = 0 and x =
1
2 L: this is shown in
Fig. (8.3). Several values have been marked on the plot: it can be easily seen
that due to the square root dependency of the the constant k on
ρ‖
ρ⊥ and the
exponential dependence of δ on k, even a factor 103 does not allow for a
large Ld ratio.
8.3 Discussion: future of the electrochemical approach
As can be seen in Fig. (8.3), we need to obey around Ld ≈ 54 for a one-to-one
ratio (that means there is an extra volt in vertical voltage drop across the
gap for every volt you lose in-plane in the overlap section). For creating a
graphene nanojunction, we want to have d ∼ 1 nm, so we require an overlap
length L < 100 nm.
This is a requirement that cannot be fulfilled using current transfer tech-
niques. Even in the most optimistic (and unlikely) case where
ρ‖
ρ⊥ = 10
4 and
at a maximum (x = 0), we would still need the overlap length to be far less
than one micron, so we would need sub-micron precision when transferring
the graphene: this is simply not feasible. Unless samples obeying these
requirements can be reliably found in nature, the current electrochemical
approach to creating a graphene nanojunction, as outlined in the past two
chapters, is too difficult for the simple fabrication methods normally used
for graphene deposition: perhaps more advanced methods like dry transfer
will provide a solution, but at the very least the experiment proves more
complicated than was thought beforehand. However, once one gets into the
sub-100 nm range, δ ensures that the voltage ratio will increase very fast, so
at that point the drop will be extremely noticeable.
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Conclusions
The first part of this study focused on characterizing graphene upon break-
ing in terms of the change in surface structure and conductive behaviour.
Before and after study of SEM and AFM along with Raman spectroscopy
post-breaking indicated no overall increase in damage, nor even an increase
in damage towards 1 micron distance from the edge, while confirming
the presence of graphene up until at least 100 nm distance away from the
edge. Through use of an MCBJ set-up we were able to break and recon-
nect graphene on both silicon oxide and glass. The conductive behaviour
changed from ohmic to non-linear, likely as a result of decreasing width of
the graphene connection. Voltage ramps were observed to have a perma-
nent restoring effect on the graphene conductance, even reconnecting the
graphene after breaking in some cases. A possible scenario explaining these
effects was proposed.
The second part of this study focused on testing a possible design for a
modified mechanically controllable break junction (MMCBJ). The design
was deemed too complicated and possible difficulties for future experiments
were identified: suggestions were made to simplify further experiments.
The third part of this study involved experimental and theoretical testing
of a possible electrochemical etching approach to fabricating a graphene
nanojunction. Experimental tests pointed out a critical problem in the ap-
proach and theoretical calculations confirmed its existence, judging the
current experimental concept to be infeasible with current graphene transfer
techniques.
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Appendix A
LabView and Python programs
A.1 LabView program for Chapter 2
A.1.1 Front Panel
(see next page)
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A.1.2 Block Diagram
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A.2 Python programs
A.2.1 Tunneling fit program
FIGURE A.7: Program for the fitting of the Simmons model.
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FIGURE A.8: Fit of the Simmons tunneling model to the red
and pink I-Vs from Fig. (2.6). The fit parameters for the
blue fit are Φ = 0.4 eV, A = 4.3 nm2, d = 2.4 nm. The fit
parameters for the green fit are Φ = 0.4 eV, A = 0.6 nm2,
d = 3.6 nm.
Although the tunneling model seems to fit the ’broken’ I-V at 4K well, it
clearly fails in describing the behavior of the first I-V during breaking at
4K. Another indication of the failure of the model lies in the fitted value of
the work function, which takes on the lower bound given to the fit function.
When setting no bounds, it chooses a value of almost zero: Φ = 1.8 ∗
10−2 eV for the I-V during breaking. This means that it is very unlikely
that tunneling occurring: a work function of almost zero would indicate
practically no barrier for the electrons to tunnel through, which means
tunneling is probably not the case.
A.2.2 Ratio plot programs
FIGURE A.9: Program for the plot of the function δ
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FIGURE A.10: Program for the plot of the voltage ratio
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